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Magnetic systems composed of weakly coupled spin-1/2 chains are fertile ground for hosting
the fractional magnetic excitations that are intrinsic to interacting fermions in one-dimension (1D).
However, the exotic physics arising from the quantum many-body interactions beyond 1D are poorly
understood in materials of this class. Spinons and psinons are two mutually exclusive low-energy
magnetic quasiparticles; the excitation seen depends on the ground state of the spin chain. Here,
we present inelastic neutron scattering and neutron diffraction evidence for their coexistence in
SrCo2V2O8 at milli-Kelvin temperatures in part of the Ne´el phase (2.4 T ≤ µ0H < 3.9 T) and
possibly also the field-induced spin density wave phase up to the highest field probed (µ0H ≥ 3.9 T,
µ0Hmax = 5.5 T). These results unveil a novel spatial phase inhomogeneity for the weakly coupled
spin chains in this compound. This quantum dynamical phase separation is a new phenomenon in
quasi-1D quantum magnets, highlighting the non-trivial consequences of inter-chain coupling.
In recent years, magnetic materials hosting weakly cou-
pled spin-1/2 chains or ladders have gained tremendous
attention. This interest is not only due to the discov-
ery of the long-sought fractional magnetic excitations in-
trinsic to the one-dimensional (1D) quantum magnetism
[1–10], but also because of their potential applications
in spintronics [11]. Fundamentally, the quantum many-
body spin-spin interactions in a quasi-1D magnet can be
classified into two categories: intra- and inter- chain ex-
changes. The intrachain term determines the nature of
the quasiparticles and is often represented by an analyt-
ical Hamiltonian [12–16]. The interchain term is signif-
icantly weaker, but remains nontrivial. A paradigmatic
example is the confinement of spinons by these interac-
tions, where the spinon continuum of an isolated spin-
1/2 chain is replaced by a series of spinon bound states
[1, 3, 4, 7]. However, there are many cases wherein the
exact role of the interchain interactions is difficult to dis-
cern. For example, the longitudinal (L) mode, i.e. ampli-
tude fluctuations of the magnetic moment [17], in KCuF3
is overdamped compared with the mean-field interchain
coupling theory, because of its decay into a pair of gapless
transverse (T) spin wave excitations [18]. As a result, ex-
otic quantum spin dynamics beyond the 1D description
are of particular importance for a comprehensive under-
standing of the physics in the quasi-1D quantum mag-
nets.
SrCo2V2O8 crystallizes in a tetragonal unit cell with
the space group I41cd, in which four screw chains of
CoO6 octahedra propagate along the c axis (Fig. 1a)
[19, 20]. Each divalent Co2+ cation carries an effective
quantum spin number of 1/2 due to the octahedral dis-
tortion and spin-orbit coupling. In a longitudinal mag-
netic field (H // c axis), the intrachain interactions in
this compound can be approximated by the well-known
XXZ Hamiltonian
HXXZ = Jintra
∑
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where Jintra = 7.0(2) meV is the nearest-neighbour an-
tiferromagnetic (AFM) intrachain exchange constant, 
= 0.56(2) is the Ising-like anisotropy parameter and gz
is the component of the Lande´ g-tensor along the chain
direction, i.e. c axis [4, 5, 7]. The XXZ model (Eq. 1) pre-
dicts that a spin disordered state, known as a Tomonaga-
Luttinger liquid (TLL) [14], exists above a certain criti-
cal field. A recent high-field THz spectroscopy study has
identified SrCo2V2O8 as a perfect candidate to realize
the rich fractional magnetic excitations of a TLL, includ-
ing the psinon-antipsinon (P-AP), psinon-psinon (P-P)
and Bethe n-string states [7]. Although the screw chains
are well separated in the ab plane (Fig. 1a), the inter-
chain interactions become relevant upon cooling, leading
to Ne´el-type AFM order below TN = 5.0 K (Fig. 1b)
[20, 21]. Consequently, the spinon-spinon (S-S) pairs,
which are the lowest-lying dominant magnetic quasipar-
ticles for a spin-1/2 chain with zero total magnetic mo-
ment (Stot) [2], are confined into a series of bound states
[4, 5]. Below about 1.5 K, a field-induced Ne´el to spin
density wave (SDW) quantum phase transition occurs at
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2FIG. 1. Crystallography and static magnetic properties of SrCo2V2O8. (a) The 41 screw chains of CoO6 octahedra are separated
by the VO4 tetrahedra in the ab plane. The unit cell is marked by the dashed frame. The Sr atoms are omitted for clarity.
(b) Magnetic field versus temperature phase diagram determined by neutron diffraction. The green stars are obtained from
the sample used for the INS study; the errorbar marks the step size of the field scan. (c) Magnetic field dependence of the (2,
3, 0) reflection at 50 mK. The yellow area marks the SDW region. (d) Temperature dependence of the (2, 3, 0) reflection at
0.0 T and 2.4 T (Ne´el state), as well as the (2, 3, ±δl) reflection at 4.5 T (SDW state). The grey dashed lines are purely for
reference.
Bc ' 3.9 T (Fig. 1b). The SDW order in relevant sys-
tems, including Sr- and Ba- Co2V2O8, has been argued
to be closely related to the L mode of the TLL [21–24].
Although the CoO6 screw chains are well separated
and only indirectly coupled, for example, through the V
cations (Fig. 1a), the interchain exchange network in
this structure is known to be complicated and can afford
frustration [25, 26]. Previously, these couplings have been
treated by a mean-field term and combined with HXXZ
(Eq. 1) to model the spinon confinement in zero-field and
the field-induced quantum phase transitions [4, 22]. How-
ever, clear deviations from the experimental results have
been reported [4, 21]. Since HXXZ reproduces very well
the observations in the TLL state where the interchain
interactions are irrelevant [4, 7], the discrepancy in the
ordered state is more likely due to the inadequacy of the
interchain mean-field approach [4, 21].
Here, we use inelastic neutron scattering (INS) to
demonstrate that the fractional magnetic excitations ob-
served on different spin chains in SrCo2V2O8 at milli-
Kelvin temperatures are no longer identical above a
critical magnetic field. This quantum dynamical phase
separation is reminiscent of the phase separation phe-
nomena found in many other correlated-electron families
including superconducting cuprates [27], colossal mag-
netoresistance manganites [28] and spin-3/2 quasi-1D
cobaltites [29], and highlights the diversity of novel quan-
tum many-body physics arising from inter-chain interac-
tions in quasi-1D magnets of this class.
Figure 2 shows the INS spectrum of SrCo2V2O8 at
Q = (4, 0, 2) measured at 50 mK and fixed final wave
vector kf = 1.5 A˚
−1 as a function of magnetic field. All
peaks presented in this study were fitted by a damped
harmonic oscillator (DHO) without convolution of the
instrumental resolution, which is 0.122(4) meV in full
width at half maximum (FWHM) at this Q and kf ; a full
description of the data reduction and analysis procedure
is available in the Appendix. At zero field, the spectrum
consists of two peaks (Fig. 2a), corresponding to the T
and L modes of the magnetic moment fluctuations, or
the S = ± 1 and S = 0 components of the first spinon-
spinon (S-S) bound state [3, 4]. The width of the T
and L modes are identical within the errors, but broader
than the instrumental resolution (Fig. 3a). These modes
therefore have a finite lifetime of 0.098(9) meV [18]. In
the final analysis, we used a single width value to fit all
the S-S bound states at each magnetic field. Due to the
Zeeman effect, a magnetic field is expected to split the
S = ± 1 branches of the S-S bound state (T mode),
while the S = 0 branch (L mode) remains insensitive [5–
7]. When a longitudinal magnetic field (µ0H ‖ c axis)
is turned on, we observed this Zeeman splitting for the
first S-S bound state (T+1 and T
−
1 ), as well as the S = 1
branch of the second S-S bound state (T+2 ) at 1.0 T (Fig.
2b). At 2.0 T and above, the S = 1 branch of the third
S-S bound state (T+3 ) moves into the detection window
(Fig. 2c - f).
At 2.0 T, we observed a sudden broadening in the
FWHM of the S-S bound states (Fig. 3a), followed at 2.5
T by the appearance of a new mode centered around 0.59
meV (Fig. 2c & d). Meanwhile, no change in either the
T or L mode spectral weight can be clearly resolved (Fig.
3b). The broadening suggests the further damping of the
spinon confinement. For this new mode at 0.59 meV, we
assign it to the transition between the S = 0 branches of
the first and second S-S bound states, or an L1-L2 mode,
which has been observed close to thermally driven tran-
sition at TN in zero-field [4]. The driving mechanism of
3FIG. 2. Magnetic excitations at (4, 0, 2) at 50 mK as a function of magnetic field. A background line has been subtracted
from the raw spectra prior to the data analysis (see Appendix).
the L1-L2 mode observed here, however, should be novel
because the thermal fluctuations are negligible at milli-
Kelvin temperatures. More discussion will follow later.
At 3.0 T and 3.5 T, there is an increase in spectral
weight below about 1.0 meV (Fig. 2e & f). A plau-
sible explanation would be the enhancement of the T+1
mode which is located at similar energies. We tested this
scenario using neutron diffraction because an enhanced
T mode would lead to a reduction in the ordered mag-
netic moment at the same field, i.e. ∼ 3.0 T. In Fig.
1c, the field dependence of the (2, 3, 0) reflection at 50
mK, which measures the magnetic moment in the Ne´el
phase [21], is shown; these measurements were carried out
on a smaller single crystal (see Methods). Surprisingly,
while a field-induced intensity drop is clearly visible, it
is located at about 2.4 T rather than 3.0 T. To fully
establish the origin of this diffraction intensity drop, we
performed refinement on the static magnetic structure at
3.0 T based on 41 magnetic reflections (see Appendix).
Comparing with the configuration in zero-field [21], the
only factor that has been varied is the ordered magnetic
moment along the c axis, which decreases from 1.81(4) to
1.32(4) µB per Co. The suppression of the bulk Ne´el or-
der at 2.4 T matches with the damping of the S-S bound
state as well as the emergence of the L1-L2 mode between
2.0 T and 2.5 T, supporting the existence of a hidden
phase transition in this region.
The enhancement of the T+1 mode cannot be the ori-
gin of the hidden phase transition because we could not
resolve any change in the T+1 mode spectral weight at 2.0
T and 2.5 T (Fig. 3c); neither can it account for the ex-
tra low energy spectral weight because the magnetic mo-
ment is not suppressed around 3.0 T (Fig. 1c). We also
expect an enhanced L1 mode in this scenario because the
T / L spectral weight ratio is determined by Q assuming
identical lifetimes [4], but we did not observe an enhance-
ment in the L1 mode at any field in the Ne´el state (Fig.
3b). We therefore propose that the extra spectral weight
comes from an emergent mode induced at µ0H
? ' 2.4 T,
the energy of which is field-dependent and only falls into
the detection window at 3.0 T and above. As shown in
Fig. 2e & f, this model fits the experimental observations
well. To determine the nature of this emergent mode, we
tracked its evolution across the Ne´el-SDW phase bound-
ary (µ0Hc = 3.9 T at 50 mK, Fig. 1b). The T
+
1 mode ter-
minates around 0.48 meV right below Bc. At 4.0 T, i.e. in
the SDW phase, the S-S bound states can no longer be
resolved (Fig. 2g), while the spectral weight of the emer-
gent mode undergoes a sharp rise (Fig. 3d). Notably,
this mode alone cannot fully capture the whole spectral
profile. A continuum-like feature, centered at about 1.52
meV, needs to be included to produce a satisfactory fit in
the SDW region up to the highest field probed (µ0Hmax
= 5.5 T); we will revisit this issue later. As the field fur-
ther increases, the emergent mode monotonously shifts
to the high energy region. At 5.0 T, we spotted another
new mode at 1.93(4) meV (Fig. 2h). This is the Bethe 2-
string state, or magnon bound state, as observed by THz
spectroscopy [7]. With all the other modes established
and the fact that Q = (4, 0, 2) is a nuclear Bragg point
in this tetragonal system [19, 20], we attribute the emer-
gent mode to the P-AP excitations at QL = 0 reported in
the THz study (Fig. 4) [7]. The slight energy mismatch
between the INS and THz results is most likely due to
4FIG. 3. Magnetic field dependence of the fitted parameters. (a) Full width at half maximum (FWHM) of the S-S bound state.
The instrumental resolution is marked by the hatched area. The grey dash-dotted line is a guide to the eye. The spectral
weight of the L1, T
+
1 and P-AP modes are plotted in (b), (c) and (d), respectively. The yellow area marks the SDW region.
FIG. 4. Magnetic field dependence of the modes’ energies.
The dash-dotted lines are fits based on the Zeeman model.
The filled shiny circles are the P-AP (black) and Bethe 2-
string (blue) modes determined by THz spectroscopy [7].
the difference in the sample temperature.
Unlike the S-S mode which is intrinsic to the spin-1/2
chains with Stot = 0, a P-AP mode can only be excited in
those with Stot 6= 0 [16]. As a result, the presence of these
two mutually exclusive fractional magnetic excitations
strongly suggests the coexistence of the Ne´el ordered and
disordered spin chains in SrCo2V2O8 between µ0H
? and
µ0Hc. To put this another way, the appearance of the
P-AP excitations indicates that some of the chains are
now in the TLL state.
This dynamical quantum magnetic phase separation
can account for the reduction of the ordered mag-
netic moment (see Appendix) because neutron diffraction
only probes the bulk averaged static magnetic structure.
Moreover, since the spinon confinement in a given chain
relies on the delicate attractive potential generated by
the neighbouring chains, it is possible that this potential
gets perturbed (or frustrated) once disorder is induced
among the neighbours, leading to the further damping
in the lifetime of the S-S bound states seen above 2.0 T
(Fig. 3a). Previously, such damping has been observed
close to the thermally driven melting transition of the
Ne´el order and is accompanied by the hopping between
the different bound states [4]. We note that the obser-
vation of the field-induced L1-L2 mode at 50 mK in our
study suggests that the S-S bound states (L1-L2 mode)
can also be weakened (induced) by quantum mechanics.
In sharp contrast with our INS results, a recent THz
spectroscopy investigation, which was carried out at 2.0
K, did not observe the P-AP mode in the Ne´el region
[7], and only saw it appear at a magnetic field signifi-
cantly above the critical field Bc. To shed light on this
discrepancy, we performed a temperature scan on the (2,
3, 0) reflection at 2.4 T (Fig. 1d). Interestingly, the sup-
pression of this reflection, with which the P-AP mode
appears to be associated, is not measurable upon warm-
ing to about 0.3 K. We propose that the disappearance of
the static phase separation (SPS) implies the weakening
or complete suppression of the P-AP mode. Accordingly,
the absence of a P-AP mode inside the Ne´el phase at 2.0
K is consistent with the current study. This also high-
lights the fact that the magnetic phase separation in this
compound is unique to milli-Kelvin temperatures, and
is therefore probably related to the subtle interchain in-
teractions that are not relevant energetically at higher
temperatures.
The magnetic phase separation possibly persists into
the SDW state. We believe that the continuum-like pro-
file above Bc (Fig. 2g - h) evidences the presence of fully
disordered chains with Stot = 0, the fractional excita-
tions of which are deconfined spinons. This is supported
5by the temperature dependence of the incommensurate
SDW reflection (2, 3, ±δl): similar to the behaviour in
the Ne´el state where there is phase separation, this reflec-
tion is also suppressed at milli-Kelvin temperatures (Fig.
1d). Notably, these disordered chains can naturally ex-
plain the strange features of the SDW order in this com-
pound revealed by neutron diffraction [21]. First of all,
they can shorten the spin correlation length of the static
SDW order transverse to the chain direction, i.e. in the
ab plane. Moreover, since they do not contribute a finite
magnetic moment, the bulk averaged field-induced lon-
gitudinal ferromagnetic moment will be suppressed upon
cooling into the phase separation regime. Finally, we re-
call that the sister compound BaCo2V2O8, which does
not show the aforementioned strange features down to
50 mK [23], only hosts the P-AP mode in the SDW state
[24].
In summary, we have presented neutron scattering ev-
idence for the spatially inhomogeneous fractional mag-
netic excitations, i.e. spinons and psinons, in SrCo2V2O8.
This dynamical quantum phase separation, which only
exists at milli-Kelvin temperatures, is induced by a lon-
gitudinal magnetic field in the Ne´el phase and possibly
penetrates into the SDW phase. In the magnetic field
versus temperature phase diagram, we have used neu-
tron diffraction to map out the SPS region (Fig. 1b),
which is the direct consequence of the dynamical quan-
tum magnetic phase separation. While phase separation
is somewhat ubiquitous in correlated-electron systems
[27–29], our work is the first to reveal phase separation in
a quasi-1D quantum magnet. Since the magnetic quasi-
particles closely follow the description of the XXZ model
(Eq. 1), the phase separation must come from the inter-
chain couplings in this compound, which become nontriv-
ial at milli-Kelvin temperatures. These results open the
door to the exploraion of phase separation phenomena in
quasi-1D quantum magnets.
Note: on submission, we became aware of a preprint
reporting inelastic neutron scattering measurements in
SrCo2V2O8, primarily focussing on the behaviour at
fields above µ0Hc = 3.9 T [30].
METHODS
The inelastic neutron scattering (INS) measurements
were performed on the cold-neutron triple-axis spectrom-
eter, ThALES, at the Institut Laue-Langevin (ILL). A
cylindrical SrCo2V2O8 single crystal (height: 22 mm, Di-
ameter 6 mm, Mass: 2.699 g) grown by the floating zone
method [31] was used. It was mounted into a dilution
refrigerator and then into a 6 T horizontal cryomagnet,
with the c axis aligned along the magnetic field. The ini-
tial and final neutron wavevectors were selected using a
Si (111) monochromator and analyser, respectively. All
of the INS data presented here were measured at a fixed
final wavevector of 1.5 A˚
−1
.
The single crystal neutron diffraction measurements
were performed on the thermal neutron diffractometer
ZEBRA at the Swiss Spallation Neutron Source (SINQ)
at the Paul Scherrer Institute. A SrCo2V2O8 single crys-
tal (∼ 3 × 3 × 6 mm3) grown by the spontaneous nu-
cleation method [32] was measured with a lifted detector
(normal beam geometry). It was mounted into a dilu-
tion refrigerator and then into a 6 T vertical cryomagnet,
with the c axis aligned along the magnetic field. For the
magnetic structure determination, a set of magnetic and
nuclear reflections were collected at neutron wavelength
λ = 1.178 A˚ using a Ge (311) monochromator. All the
other measurements were performed at λ = 2.317 A˚ using
a PG (002) monochromator with a vertical 80’ collimator
installed to improve the resolution along the c? direction
in the reciprocal space.
All relevant data are available from the corresponding
authors. INS data collected at the ILL are available at
https://doi.org/10.5291/ILL-DATA.4-05-703 for the ex-
periment on ThALES.
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7APPENDIX
Inelastic neutron scattering measurements on ThALES
The raw energy spectrum collected at Q = (4, 0, 2), kf = 1.5 A˚
−1
, T = 50 mK and µ0H = 0.0 T is shown in Figure
5a-b. The elastic line has been fitted with a Gaussian function (Fig. 5a), which yields a full width at half maximum
(FWHM) of 0.122(4) meV at this Q. For the inelastic line (Fig. 5b), we have fitted the data above 0.68 meV using
a linear background and two damped harmonic oscillators (DHOs); the DHOs were used to capture the T1 and L1
modes described in the main text. The data below 0.68 meV comes from the tail of the elastic line. Since Q is a
nuclear Bragg point, the intrinsic elastic profile is not expected to change in magnetic field (Fig. 5a-c). In our final
analysis, we have taken the raw data between 0.4 meV and 0.68 meV at 50 mK and 0.0 T, and combined them with
the linear background above 0.68 meV obtained from the fitting in Fig. 5b to form the field-independent background
used for our final data reduction (Fig. 5c); the reduced spectra are shown in Figure 2. The additional points at low
energies are needed to reliably determine the magnetic excitations in this region. As demonstrated in Figure 2, this
data reduction method works well.
FIG. 5. (a)-(b) Inelastic neutron scattering spectrum at Q = (4, 0, 2). The red solid lines are the overall fits. The dash-dot
lines are the contributions from the modes described in the main text. (c) Field-independent background used for the final
data reduction.
At high magnetic fields, the high order transverse spinon-spinon (S-S) bound states defined in the main text, i.e. T+2
and T+3 , fall into the detection window. Since their intensities are much weaker than that of T
+
1 , we have applied
three constraints in our fitting. First of all, we have assumed that the Zeeman shift amplitude of these two modes
are identical to that of T+1 , because it is only determined by the magnetic field strength and the Lande´ g-factor along
the field direction in theory. Secondly, while the T+2 spectral weight can be independently determined at each field,
it does not vary within the error bars. We forced it to be field independent in our final fitting to follow the trend of
the T+1 mode (Fig. 3c). Thirdly, the T
+
3 mode was included to make sense in physics, but its spectral weight is too
weak to be independently determined at each field (Fig. 2c-f). For this reason, we have also set this mode to be field
independent. Finally, we note that releasing the second constraint and excluding the T+3 mode in our fitting does not
affect the conclusion drawn in Figure 3.
Neutron diffraction measurements on ZEBRA
The magnetic reflections in the Ne´el state of SrCo2V2O8 are modulated by kN = (0, 0, 1) [21]. At 3.0 T and 50 mK,
where the kN-modulated reflections are partially suppressed (Fig. 1c), we have first measured some nuclear Bragg
points (Fig. 6a-c), where the reflections are expected to be sensitive to a ferromagnetic moment both along the c axis
and in the ab plane. We have also performed measurements at the incommensurate positions along a∗, b∗ and c∗ (Fig.
6d-f). In all these measurements, we did not resolve any emergent intensities or change in the modulation vector.
This motivated us to collect 13 crystallographic reflections and 41 magnetic reflections modulated by kN in order to
check the magnetic structure of the Ne´el phase therein. In the same experiment, we have also refined the magnetic
structure of the same sample at 0.0 T and 50 mK using the same instrumental configuration; these results have been
8FIG. 6. (a)-(c) Magnetic field dependences of some nuclear reflections at 50 mK. (d-f) Magnetic field dependences of the
scattering intensities around (2, 3, 0) at 50 mK. (g) Magnetic structure refinement in the Ne´el phase at T = 50 mK and µ0H
= 3.0 T. The R-factors (RF , RF2w) which characterize the quality of our refinement are also listed.
published in Ref. 21. As a result, the refined magnetic structure at 3.0 T can be directly compared to that at 0.0 T.
The refinement procedure follows that in zero field, which has been described in detail in Ref. 21. In Figure S2g, we
have plotted the correlation curve between the experimental and calculated intensities of these magnetic reflections.
Compared to the structure in zero field, the only field-induced change revealed in our refinement is that the ordered
magnetic moment per Co drops from 1.81(4) µB to 1.32(4) µB.
